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Abstract.
Starting with two assumptions: (1) gamma-ray bursts originate from stellar death phenomena

or so called “collapsars” and (2) that these bursts are quasi-universal, whereby the majority of the
observed variation is due to our perspective of the jet, an integrated gamma-ray burst model is
proposed. It is found that several of the key correlations in the data can be naturally explained with
this simple picture and another possible correlation is predicted.

INTRODUCTION

A wealth of data is continuing to be accrued that indicates gamma-ray bursts derive from
stellar death events. To date there are two certain directly observed associations of a
GRB with a type Ib/c supernova: GRB980425 with sn1998bw [1] and GRB030329 with
sn2003dh[2]. In several other cases a ruddy bump[e.g. 3, 4], ostensibly the underlying
supernova, has been observed in the decaying GRB afterglow lightcurves. These direct
indications, coupled with the fact that GRBs tend to originate in star forming regions[5,
6], seem to indicate that GRB explosions are the product of a stellar death event which
also produces a supernova - so called “collapsars”[7].

At the same time evidence is emerging to indicate that cosmological gamma-ray bursts
might be quasi-universal in that the innate variation from burst to burst might be of order
a factor of two or so, while the observed variation of fluxes and timescales can be as
much as two orders of magnitude. In the same spirit of the unified models for active
galactic nuclei, the wide range of observed GRB quantities is dependent on the observer
viewing angle with respect to a single, universal structured jet.

Herein I simply combine these two proposed features of GRBs and attempt to for-
mulate an integrated model. It is found that by literally interpreting the hydrodynamic
nature of the emerging jet from a collapsar, as shown from numerical simulations, it is
relatively natural to be able to broadcast material into the range of angles and energies
inferred from the correlations in the data. A model is sketched out which nominally sat-
isfies the key correlations in the data. As such, this model provides an integrated picture
of what a universal collapsar GRB might look like.



THE MODEL

Begin with a collapsar. Numerical simulations[8, 9] demonstrate that introducing an
energy source at the center of a collapsing star can produce an energetic jet that bores
along the rotation axis of the star and erupts from the surface intact, thereby blowing up
the star in the process. They also demonstrate modest Lorentz factors, γ � 10 � 20 of the
jet as it emerges from the star, with a similar internal energy per rest mass η � 10 � 20.

If GRBs derive from collapsars, I argue that, regardless of the nature of the source of
energy at the core of the star, these simulations must be qualitatively correct. Therefore,
the first assumption of this model is that a relativistic jet emerging from a star is hy-
drodynamic in nature; the second law of thermodynamics virtually ensures that shocks,
instabilities, magnetic reconnections will render the emerging material hot and with high
entropy. Furthermore, I make the plausible assumption, inspired by said jet simulations,
that the energy of the emerging jet material will be roughly equally partitioned between
kinetic energy and internal energy: γ � η .

As such, when a parcel of jet material emerges from the star, no longer being confined,
it will explode. This explosion must be isotropic in the co-moving frame of the material
and will blow it into a thin spherical shell with terminal Lorentz factor equal to η . In
the lab frame the parcel emerged from the star with Lorentz factor, γ , therefore the bulk
of the energy in the shell will be beamed into an angle 1

�
γ (see Fig. 1). Still in the lab

frame, the terminal Lorentz factor of the exploded shell moving along the jet axis will
be Γ � γη and, since γ � η , will vary from Γ � 2γ2 along the jet axis, to Γ � γ2 at
an angle 1

�
γ from the jet axis. So in this model 1

�
γ is angular scale and Γ ∝ γ 2 is the

specific energy (i.e. Lorentz factor) scale. This secondary acceleration scenario has also
been proposed in the “firework” model of GRBs from highly magnetized black holes
[10].

An immediate consequence of this model is a simple correspondence between open-
ing angle, θ , and Lorentz factor, Γ: θ ∝ 1

�
γ ∝ 1

���
Γ. This provides a direct corre-

spondence between viewing angles, as inferred from afterglow jet-break times, and the
Lorentz factors of the GRB prompt emission. These viewing angles range from 3 � to
20 � , implying a range of γ from 20 to 3 [11]. Assuming η � γ , the final Lorentz factor
Γ will range from 2γη to γη , or from 800 to 9.

It is an intriguing correspondence that this range of Lorentz factors, from � 1000
for the brightest bursts to � 10 for the dimmest, is consistent with that found by
using kinematic arguments [12] and assuming GRB980425 was only mildly relativistic,
Γ980425

� 2. Furthermore, several workers[13, 14] have independently given Γ990123
�

1000, one of the brightest burst ever observed. In fact it might be telling that the lower
end of this range, Γ � 10, is about the lower limit that compactness of the source can
allow for optically thin, non-thermal emission [15]. Such a range of Lorentz factors,
ranging over a factor of � 100 is perhaps unorthodox, however, given that luminosities,
timescales and energies span this range, I argue that such variation in Lorentz factor is,
at least, plausible.

So in this model the jet that emerges from the collapsar has a variable Lorentz factor,
3 � γ � t 	 � η � t 	
� 20 which, by secondary expansion, generates a sequence of concentric
expanding shells, each with its own terminal Lorentz factor, 10 � Γ � 1000, and opening
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FIGURE 1. A schematic representation of a blob of material emitted from a dying star with Lorentz
factor γ and specific internal energy η . No longer confined by the star, the blob expands isotropically, in
its co-moving frame, into a shell moving with terminal Lorentz factor η . In the lab frame this material is
boosted to a Lorentz factor � γη , but with a characteristic beaming angle 1 � γ .

angle, 20 ��� θ � 1
�
γ � 3 � . The subsequent collision of these shells creates a viewing

angle dependent variety of GRBs and the interaction with the interstellar medium creates
a viewer angle dependent afterglow.

COMPARISON WITH THE CORRELATIONS

An intriguing property of GRBs and their afterglows that has emerged in the last
few years is that, save a few interesting exceptions, they tend to align along several
simple correlations. The existence of simple monotonic relationships of several key
observable energy and timescales strongly implies a single variable that governs the
observed variation. With this realization it becomes an intriguing possibility that all
bursts are, to first order, quite similar and that the dominant contributor to the observed
diversity is observer angle with respect to the burst jet axis. This paradigm has the added
benefit of identifying the expected variation with viewing angle as being the source of
the observed breadth of the correlations. As described in the following, the integrated
universal collapsar model outlined here can describe, or consistently draw inferences
from, most of the existing correlations.

4 Eγ ∝ constant The fact that the majority of cosmological GRBs seem to
have a constant total energy in gamma-rays[11, 16], despite the wide variation in
their luminosities and timescales, is an intriguing and mysterious clue about the
progenitor. However, this mysterious clue becomes a prosaic and even trivial matter
of perspective if the energy per steradian of the afterglow shock varies as ε ∝ θ � 2



with respect to the jet axis[17, 18]. Thus the observed variety stems merely from
the variety of observer angles on a universal jet. If one takes this afterglow energy
distribution as given, then one can derive the implied energetics of the emerging
fireball. This gives that the energy and mass distributions of the emitted blobs are

dε
dγ

∝ γ � dM
dγ

∝ 1
�
γ � (1)

The implication that the most energetic material is the least mass loaded is very
plausible; the lightest material moves the fastest. There is no obvious physical
reason that these scalings be exact and they are likely approximate.

4 L ∝ ∆t � 1 One of the earliest discovered correlations is that of peak luminosity,
L, with the reciprocal temporal lag, ∆t, of lower energy gamma-rays behind their
higher energy counterparts within a prompt emission pulse [19]. A kinematic
interpretation[20] simply states that luminosity will scale with Lorentz factor and
temporal lag will vary inversely with Lorentz factor[see also Sec. 3 of ref. 21]. In
this mode observers nearer the jet axis will see higher velocity material and thus
larger luminosities and shorter lags.

4 L ∝ variability The trend that more luminous bursts tend to be more vari-
able, with more, and narrower, spikes[22, 23] has a natural explanation in this
model. As with the lag-luminosity relationship discussed above, the highest en-
ergy shells will have their energy confined more closely along the jet axis, and thus
the more energetic collisions will radiate more closely along the jet axis. Thus ob-
servers near the jet axis will observe more collisions, therefore more variability,
than those at higher viewing angles.

4 ∆t ∝ t j A surprisingly tight connection between the prompt gamma-ray phase and
subsequent afterglow phase[21] is seen by this linear correlation between the tem-
poral lag, ∆t, of lower energy gamma-rays behind their higher energy counterparts
within a prompt emission pulse, and the jet-break time, t j, at which the afterglow
temporal power-law decay index steepens. This correlation is demonstrable by not-
ing t j ∝ ε1 � 3θ 8 � 3 ∝ θ 2 ∝ γ � 2 ∝ Γ � 1, where ε ∝ θ � 2 from the structured jet, and
∆t ∝ Γ � 1 from the kinematics of the lag-luminosity relationship, so t j ∝ ∆t.

5 Epk ∝ � Eiso A clue to the gamma-ray emission mechanism is that the peak of the
spectral energy distribution, Epk, varies like the square root of the inferred isotropic
burst energy, Eiso [24, 25]. This relationship is quite enigmatic. It is the opinion
of the author that until the nature of the emission mechanism is better understood,
this correlation remains unexplained within the context of this model or any other.
Future work will address this issue.

* Prediction: tdec ∝ θ 14 � 3 A prediction of this model is that there should be a rather
strong dependence of the deceleration time, tdec, which roughly corresponds to
the commencement of the forward shock afterglow emission, on viewing angle,
θ . Specifically, tdec ∝ � εΓ � 8 	 1 � 3 ∝ Γ � 7 � 3 ∝ θ 14 � 3. Thus the expected range of
afterglow onsets should be � 20 � � 3 ��	 14 � 3 � seconds per day. Therefore, given the
very prompt, � 1 second, onset of the afterglow and attendant reverse shock of



bright burst such as 990123, one would expect an onset of the external shock
afterglow for weaker bursts to be seen at � 1 day, which is precisely what is
observed [e.g. 970508, 26].

The model introduced here is very coarse. However, it does describe several of the key
correlations encompassing a broad range of physical observables, and suggests another,
in the context of a collapsar model by simply and naturally employing the result of
numerical simulations that the jet eruption is hydrodynamic. This logically and directly
leads to the idea of secondary acceleration and expansion of the equipartition heated
gas emerging from the star. Indeed, if GRBs both derive from collapsars and are quasi-
universal, then it is highly plausible that at least some of the key features described here
must come into play. It is interesting that the picture of the gamma-ray burst jet described
here is qualitatively different than what has been described in the literature to date.
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